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 25 

Abstract. Asia has attracted research attention because it has the highest anthropogenic emissions in the world, and the 26 

Model Inter-Comparison Study for Asia (MICS-Asia) Phase III was carried out to foster our understanding on the status of 27 

air quality over Asia. This study analyzed wet deposition in Southeast Asian countries (Myanmar, Thailand, Lao People's 28 

Democratic Republic (PDR), Cambodia, Vietnam, the Philippines, Malaysia, and Indonesia) with the aim of providing 29 

insights into the seasonal variation of wet deposition. Southeast Asia was not fully considered in MICS-Asia Phase II due to 30 

a lack of observational data; however, the analysis period of MICS-Asia III, namely, the year 2010, is covered by ground 31 

observations of the Acid Deposition Monitoring Network in East Asia (EANET), and the coordinated simulation domain 32 

was extended to cover these observation sites. The analyzed species are wet depositions of S (sulfate aerosol, sulfur dioxide 33 

(SO2), and sulfuric acid (H2SO4)), N (nitrate aerosol, nitrogen monoxide (NO), nitrogen dioxide (NO2), and nitric acid 34 

(HNO3)), and A (ammonium aerosol and ammonia (NH3)). The wet deposition simulated with seven models driven by 35 
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unified meteorological model in MICS-Asia III was used with the ensemble approach, which effectively modulates the 36 

differences in performance among models. By comparison with EANET observations, although the seven models generally 37 

captured the wet depositions of S, N, and A, there were difficulties capturing these in some cases. This failure of models is 38 

considered to be related to the difficulty in capturing the precipitation in Southeast Asia, especially during the dry and wet 39 

seasons. To overcome this, a precipitation-adjusted approach which scaling the modeled precipitation to the observed value 40 

was applied, and it was demonstrated that the model performance was improved. Satellite measurements were also used to 41 

adjust for precipitation data, which worked well to account for spatio-and-temporal precipitation patterns, especially in the 42 

dry season. As the statistical scores were mostly improved by this adjustment, the estimation of wet deposition with 43 

precipitation adjustment was considered to be superior. To utilize satellite measurements, the spatial distribution of wet 44 

deposition was revised. Based on this revision, it was found that Vietnam, Malaysia, and Indonesia were upward-corrected 45 

and Myanmar, Thailand, Lao PDR, Cambodia, and the Philippines were downward-corrected; these corrections were up to 46 

±40%. The improved accuracy of precipitation amount was key to estimating wet deposition in this study. These results 47 

suggest that the precipitation-adjusted approach has the potential to obtain accurate estimates of wet deposition through the 48 

fusion of models and observations. 49 

 50 

1 Introduction 51 

With the recent acceleration of its emission from anthropogenic sources, Asia has the world’s highest acid deposition (Vet et 52 

al., 2014). To measure atmospheric concentrations and depositions in Asia, the Acid Deposition Monitoring Network in East 53 

Asia (EANET) has maintained a Asian observation network since 2000. At present, 13 countries participate in EANET 54 

(EANET, 2020a). This observational study is essential for understanding the status of air quality over Asian countries. 55 

Another approach is analysis based on chemical transport models (CTMs), which numerically simulate various processes of 56 

air pollutants such as emission, transport, chemical reactions, and deposition. CTMs are based on the forefront scientific 57 

algorithms; however, uncertainties in each process are critical (Carmichael et al., 2008a). Therefore, relying on single CTM 58 

can lead to the misinterpretation of phenomena. In order to account for uncertainties in CTMs, multi-model inter-comparison 59 

study is vital. The Model Inter-Comparison Study for Asia (MICS-Asia) has been conducted over Asian countries: Phase I 60 

during 1998–2000 (Carmichael et al., 2002), Phase II during 2003–2008 (Carmichael et al., 2008b), and Phase III during 61 

2010–2020. Phase III contains three parts: Topic 1, involving the study of comparison and evaluation of current air quality 62 

models (Akimoto et al., 2019, 2020; Chen et al., 2019; Itahashi et al., 2020; Kong et al., 2020; Li et al., 2019); Topic 2, 63 

involving the development of emission inventories for Asia (Li et al., 2017); and Topic 3, involving the study of interactions 64 

between air quality and climate change (Gao et al., 2018, 2020). In terms of deposition, Itahashi et al. (2020) presented an 65 

overview of model performances in MICS-Asia III and reported that models generally captured the observed wet deposition; 66 

however, it was clarified that models underestimated the wet deposition of sulfate aerosol (SO42-), and the differences in 67 
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modeling performance were largest for nitrate aerosol (NO3-). For sulfur species, Tan et al. (2020) analyzed the oxidation 68 

ratio of sulfur (i.e., the conversion ratio from sulfur dioxide (SO2) to SO42-) and found that models underestimated the 69 

oxidation rate and thus underestimated the concentration and deposition of SO42-. In China, which is one of the dominant 70 

anthropogenic emission sources in Asia, publicly available observational data were once quite limited (Chan and Yao, 2008). 71 

However, a nationwide estimation of nitrogen burden has been reported by Liu et al. (2013) and a national observation 72 

network has been established (see Ge et al., 2020, and references therein). The use of large amounts of observational data for 73 

China is one of the advantages of MICS-Asia III. Ge et al. (2020) analyzed the reactive nitrogen deposition over China, and 74 

the results indicated that wet deposition of ammonium aerosol (NH4+) was underestimated by all models across China.  75 

This study focuses on Southeast Asia. This area has received research attention due to its severe air pollution, which in some 76 

cases is caused by emissions from biomass burning (Itahashi et al., 2018; Vadrevu and Justice, 2011). Recently, the 7-77 

Southeast Asian Studies (7SEAS) program was formed to facilitate interdisciplinary research (Lin et al. 2013; Reid et al. 78 

2013). Due to the lack of observational data from EANET, the status of deposition over Southeast Asia was not fully 79 

analyzed in Phase II of MICS-Asia. However, in Phase III, EANET observational data are available and Southeast Asian 80 

countries are fully covered by the simulation domain in CTMs. A total of eight Southeast Asian countries participate in 81 

EANET. Fig. 1 shows a map of the EANET observation sites over Southeast Asia whose data were used in this study. 82 

Hereafter, Myanmar, Thailand, the Lao People's Democratic Republic (PDR), Cambodia, and Vietnam are taken to 83 

constitute continental Southeast Asia, and the Philippines, Malaysia, and Indonesia are taken to constitute oceanic Southeast 84 

Asia. This paper is organized as follows. Section 2 describes the MICS-Asia Phase III in terms of the framework of model 85 

intercomparison and observational data. Section 3 presents the results of the analysis of the wet depositions over Southeast 86 

Asia and discusses the problems in the current models. Section 4 explains how the precipitation-adjusted approach was 87 

applied and demonstrates that it improved the modeling performance for wet deposition. The precipitation data used to 88 

linearly scale the modeled precipitation were EANET observational data reported previously (Itahashi et al., 2020), and 89 

satellite measurements were also used in this study to advance this previous study. Furthermore, the wet deposition amount 90 

and the fraction of wet deposition occurring during the dry and wet seasons are presented before and after the application of 91 

the precipitation-adjusted approaches. Additionally, revised wet deposition maps over Southeast Asia are presented. Finally, 92 

Section 5 dedicates to the summary of this study and looks toward the next Phase IV of MICS-Asia. 93 

 94 

2 Framework of MICS-Asia Phase III for wet deposition 95 

2.1 Model description 96 

In MICS-Asia Phase III, the targeted year was 2010. The participating model was requested to submit the monthly 97 

accumulated dry and wet deposition amounts of S species (SO42-, SO2, sulfuric acid (H2SO4)), N species (NO3-, nitrogen 98 

monoxide (NO), nitrogen dioxide (NO2), nitric acid (HNO3)), and A species (NH4+ and ammonia (NH3)). In total, nine 99 
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models (M1, M2, M4, M5, M6, M11, M12, M13, and M14; these numbers are unified for MICS-Asia Phase III) were used 100 

in this deposition analysis; these models are summarized in an overview paper (Itahashi et al., 2020, Table 1). In this study, 101 

seven models (M1, M2, M4, M5, M6, M11, and M12) that using the same meteorological fields simulated by the Weather 102 

Research and Forecasting (WRF) model version 3.4.1 (Skamarock et al., 2008) were selected. Models M1, M2, M4, M5, and 103 

M6 were from the Community Multiscale Air Quality (CMAQ) modeling system (Byun and Schere, 2006) developed by the 104 

U.S. Environmental Protection Agency (EPA), but were configured differently in terms of model version, horizontal and 105 

vertical advection/diffusion schemes, gas-phase and aerosol chemistry, dry and wet deposition schemes, and lateral boundary 106 

conditions. M11 was the nested air quality prediction model system (NAQPMS) developed by the Institute of Atmospheric 107 

Physics (IAP), Chinese Academy of Sciences (CAS) (Ge et al., 2014; Li et al., 2016), and M12 was the non-hydrostatic 108 

mesoscale model coupled with chemistry transport model (NHM-Chem) developed by the Meteorological Research Institute 109 

(MRI), Japan (Kajino et al., 2019a). The input emissions data were unified for all models using the MIX inventory (Li et al., 110 

2017). The details of the configurations and the verification of model performances have been published for gas (Kong et al., 111 

2020; Li et al., 2019), aerosols (Chen et al., 2019), and deposition (Ge et al., 2020; Itahashi et al., 2020; Tan et al., 2020). 112 

To reduce the uncertainty in various processes and configurations of the models, an ensemble approach was applied to the 113 

model results. In the findings of MICS-Asia Phase II, it was clarified that the ensemble means, rather than means of 114 

individual models, agreed well with observed sulfate and total ammonium levels (Hayami et al., 2008). In other model 115 

comparisons study, the Air Quality Model Evaluation International Initiative (AQMEII), which focuses on North America 116 

and Europe, model performance was improved by using the ensemble mean (Solazzo et al., 2012). In MICS-Asia Phase III, 117 

an ensemble approach for the gas species NO2, NH3, and CO (Kong et al., 2020), O3 (Li et al., 2019), aerosols (Chen et al., 118 

2019), and depositions (Ge et al., 2020; Itahashi et al., 2020; Tan et al., 2020) has been used and has generally performed 119 

well compared with each model. The equation used to calculate the ensemble mean (ENS) is as follows: 120 

𝐸𝑁𝑆	 = 	
1
𝑁
'𝑊𝐷													(1) 121 

where WD is the wet deposition, and N is the number of models, which is 7 in this study. The simple ensemble based on the 122 

arithmetic average was applied in this study. The calculated ENS was compared with observations over Southeast Asia. 123 

 124 

2.2 EANET observations 125 

In EANET, wet deposition is observed by a wet-only sampler that is designed to collect samples during precipitation 126 

(EANET, 2010). The locations of the observation sites used in this study are plotted in Fig. 1, and Table 1 shows the latitude, 127 

longitude, altitude, and classification information for each. The identification numbers of the sites are unified with the 128 

overview paper of deposition analysis of MICS-Asia III (Itahashi et al., 2020). The sites classification are defined as follows: 129 

urban sites are located urbanized and industrialized areas; rural sites are located more than 20 km away from large pollution 130 
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sources; and remote sites are located more than 50 km away from large pollution sources and more than 500 m away from 131 

main roads. Ion chromatography was used to analyze anions (SO42- and NO3-) and cations (NH4+). The observational data 132 

were checked by ion balance and conductivity agreement. From the duration of precipitation coverage and total precipitation 133 

amount, the data completeness was determined (EANET, 2000). The sampling intervals differed from site to site; daily, 134 

weekly, or 10 days (EANET, 2020b). The monthly accumulated wet deposition at each site were used for the model 135 

evaluation. Over the analyzed period, the observation data at Vientiane (No. 37; Table 1) in Lao PDR was not available, and 136 

not analyzed in this study. 137 

To evaluate the model performance compared with EANET observations, the three statistical metrics of correlation 138 

coefficient (R), normalized mean bias (NMB), and normalized mean error (NME) were used. These are defined as follows: 139 

𝑅	 =
∑ .𝑂0 − 𝑂2.𝑀0 −𝑀24
5

6∑ .𝑂0 − 𝑂2
74

5 6∑ .𝑀0 −𝑀2
74

5

												(2) 140 

𝑁𝑀𝐵	 =
∑ (𝑀0 − 𝑂0)4
5
∑ 𝑂04
5

												(3) 141 

𝑁𝑀𝐸	 =
∑ |𝑀0 − 𝑂0|4
5
∑ 𝑂04
5

												(4) 142 

where N is the total number of paired observations (O) and models (M). Additionally, the percentages within a factor of 2 143 

(FAC2), within a factor of 3 (FAC3), and within a factor of 5 (FAC5) were also calculated to judge the agreement between 144 

observations and models 145 

 146 

3 Results 147 

3.1 Seasonal variation of wet deposition for each country over Southeast Asia 148 

3.1.1 Myanmar 149 

Myanmar has one EANET site for wet deposition, at Yangon (No. 30; Table 1). A comparison between observational and 150 

model-simulated data for precipitation and wet depositions are shown in Fig. 2. In 2010, the observed monthly accumulated 151 

precipitation was zero from January to April, 7.5 mm in November, 25.4 mm in December, and around 300 mm from May to 152 

October. Hereafter, precipitation of 50 mm/month is used as the index to divide the dry and wet seasons. Based on this 153 

criterion, the dry and wet seasons were clearly characterized from observed precipitation; however, the model simulated light 154 

precipitation of around 20 mm even during the dry season, and underestimated precipitation during the wet season. Due to 155 

the seasonal variation in the observed precipitation, the observed wet deposition of S, N, and A also exhibited a clear 156 

seasonal dependency during the dry and wet seasons. Compared with the observed wet deposition, the model generally 157 

overestimated the wet deposition during the dry season and underestimated it during the wet season. These results indicate 158 
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that the model performance for precipitation could be a critical factor in determining the model performance for wet 159 

deposition. The statistical performance of the simulated wet deposition of S, N, and A is listed in Table 2. The ENS results 160 

showed a good correlation with the observed data, with an R of around 0.8; however, there was a large underestimation for 161 

wet deposition, with an NMB greater than −70% and an NME greater than 80%. As suggested by the observed monthly wet 162 

deposition amount shown in Fig. 2, these underestimations were mainly due to the model performance during the wet 163 

season.  164 

 165 

3.1.2 Thailand 166 

In Thailand, there are six EANET sites for wet deposition, namely, Bangkok (No. 31), Samutprakarn (No. 32), Pathumthani 167 

(No. 33), Khanchanaburi (No. 34), Nakhon Ratchasima (No. 35), and Chiang Mai (No. 36; Table 1). A comparison between 168 

the observed and simulated precipitation and wet deposition is shown in Fig. 3. The dry and wet seasons were clearly 169 

distinct; the wet season is from May to October at Bangkok (No. 31), Samutprakarn (No. 32), Pathumthani (No. 33), 170 

Khanchanaburi (No. 34), and Chiang Mai (No. 36), and from March to October at Nakhon Ratchasima (No. 35). The model 171 

generally overestimated precipitation during the dry season at all six sites. For the wet deposition of S and N, the model 172 

tended to underestimate at Bangkok (No. 31), Samutprakarn (No. 32), Pathumthani (No. 33), and Nakhon Ratchasima (No. 173 

35) during the wet season, which is related to the underestimation of precipitation itself, whereas the model overestimated 174 

precipitation at Khanchanaburi (No. 34) and Chiang Mai (No. 36) throughout the year. The results of the statistical analyses 175 

are listed in Table 3. ENS showed underestimation for the wet deposition of S, N, and A, with an NMB of –20 to –50% and 176 

an NME larger than 80%. Additionally, the correlation between the observed and simulated data was small, especially for S, 177 

which showed no linear correlation. The observed wet deposition amount was higher in the wet season, but the amount 178 

calculated throughout the year was nearly constant.  179 

 180 

3.1.3 Cambodia 181 

Cambodia has one EANET site for wet deposition, at Phnom Penh (No. 38; Table 1). A comparison between the observed 182 

and simulated precipitation and wet deposition is shown in Fig. 4. The wet season (monthly accumulated precipitation more 183 

than 50 mm) lasted from March to November. According to this precipitation pattern, higher wet depositions of S, N, and A 184 

were also observed during the wet season. However, the ENS underestimated the wet deposition amount during the wet 185 

season, especially in June and July; this is related to the underestimation of precipitation in these months. The statistical 186 

analysis is summarized in Table 4. The correlation between the observed and simulated data was low, especially for the wet 187 

deposition of S, while the NMB and NME were around –70% and 70–80%, respectively, for the wet depositions of S, N, and 188 

A. That is, there were some difficulties in capturing the wet deposition at this site, even using the ENS.  189 

 190 
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3.1.4 Vietnam 191 

Vietnam has four EANET sites for wet deposition, namely, Da Nang (No. 39), Hanoi (No. 40), Hoa Binh (No. 41), and Cuc 192 

Phuong (No. 42; Table 1). A comparison between the observed and simulated precipitation and wet deposition is shown in 193 

Fig. 5. Compared with other countries in continental Southeast Asia, precipitation patterns during the dry and wet seasons 194 

were relatively well captured at the four sites in Vietnam. Accordingly, the wet depositions of S, N, and A obtained by the 195 

ENS can generally reproduce the observed data to an acceptable level. The results of the statistical analysis are shown in 196 

Table 5. As can be seen from the table, as well as from Fig. 5, the statistical scores for Vietnam were better than those for the 197 

other countries in continental Southeast Asia. The R value was around 0.5–0.6, while the NMB was around –35% for the wet 198 

deposition of S and N and around +15% for the wet deposition of A. The NME was around +50%, which was smaller than 199 

for other countries in continental Southeast Asia.  200 

 201 

3.1.5 Philippines 202 

There are three EANET sites for wet deposition in the Philippines, namely, Metro Manila (No. 43), Los Baños (No. 44), and 203 

Mt. Sto. Tomas (No. 45; Table 1). A comparison between the observed and simulated precipitation and wet deposition is 204 

shown in Fig. 6. The wet season was classified from June to December at Metro Manila (No. 43) and Los Baños (No. 44), 205 

and from April to November at Mt. Sto. Tomas (No. 45). Generally, the model captured the seasonal variation of 206 

precipitation adequately, but the precipitation was overestimated during the dry season. The statistical analysis is presented 207 

in Table 6. For the wet deposition of S, R was 0.79 and NMB and NME were +11.4% and +58.0%, respectively. The ENS 208 

captured the wet deposition of S adequately. However, the NME values were worse for the wet deposition of N and A. For 209 

example, the NME for the wet deposition of A was greater than +100%. In particular, as shown in Fig. 6, the models could 210 

not reproduce the peaks of the wet deposition of N and A in October at either Metro Manila (No. 43) or Los Baños (No. 44). 211 

Additionally, the wet deposition of N and A was also underestimated for other months during the wet season at the same two 212 

sites. This phenomenon should be further studied in the future to improve the simulation of wet deposition at these sites. 213 

 214 

3.1.6 Malaysia 215 

There are four EANET sites for wet deposition in Malaysia, namely, Petaling Jaya (No. 46), Tanah Rata (No. 47), Kuching 216 

(No. 48), and Danum Valley (No. 49; Table 1). A comparison between the observed and simulated precipitation and wet 217 

deposition is shown in Fig. 7. Compared with other countries, the four sites in Malaysia did not show clear dry and wet 218 

seasons, and precipitation amounts were consistently large over the course of the year. Therefore, the division into dry and 219 

wet seasons was not conducted for the four sites in Malaysia. At Danum Valley (No. 49), the observed precipitation was 220 

greater than 50 mm in all months except February. However, there was a lack of wet deposition observations at Danum 221 
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Valley (No. 49). As shown in Fig. 7, the models had difficulties capturing the behavior of wet deposition over Malaysia. At 222 

Petaling Jaya (No. 46) and Kuching (No. 48), the ENS underestimated the wet deposition of S and N and overestimated the 223 

wet deposition of A. At Tanah Rata (No. 47), wet deposition was dramatically overestimated for all species. The results of 224 

the statistical analysis are listed in Table 7. There was a moderate correlation between the observations and simulations for 225 

the wet deposition of S and N, and the NMB and NME were highest for the wet deposition of S. It should be noted that the 226 

wet deposition of A showed much higher NMB and NME values and a lower value of R; this is due to the fact that the wet 227 

deposition of A was overestimated at all four sites in Malaysia (Fig. 7). 228 

 229 

3.1.7 Indonesia 230 

Indonesia has five EANET sites for wet deposition, namely, Jakarta (No. 51), Bandung (No. 52), Serpong (No. 53), 231 

Kototabang (No. 50), and Maros (No. 54; Table 1). A comparison between the observed and simulated precipitation and wet 232 

deposition is shown in Fig. 8. Compared with other countries in continental Southeast Asia, the dry season was shorter in 233 

Indonesia, occurring only in April in Jakarta (No. 51), Bandung (No. 52), and Serpong (No. 53), which are located on Java 234 

Island; in August in Kototabang (No. 50), which is located on Sumatra Island; and in January and February in Maros (No. 235 

54), which is located on Sulawesi Island. The observed wet deposition of S, N, and A in these limited dry seasons was 236 

generally lower than during the wet season; however, no difference in the simulated wet deposition of S, N, and A was 237 

observed between the wet and dry season. The reason for this failure was that the model did not show the reduced 238 

precipitation amounts seen in observations during these dry seasons. The results of the statistical analysis are listed in Table 239 

8. A moderate correlation between observations and simulations was found for the wet deposition of S, N, and A, but the 240 

ENS overestimated the wet deposition of S, N, and A, especially for S, with an NMB of +65.6% and an NME larger than 241 

100%. 242 
 243 

4 Discussion 244 

4.1 Proposal of precipitation-adjusted approach over Southeast Asia 245 

As presented in Sect. 3, although the model performances in MICS-Asia III based on an ensemble approach generally 246 

captured the observed wet deposition over Southeast Asia, there were some difficulties in capturing the observed values. 247 

This difficulty stemmed from the inaccuracy of the modeled precipitation, which is fundamentally important for simulating 248 

the wet deposition. In the overview paper of MICS-Asia III, ways to improve the model performances were considered and 249 

the precipitation-adjusted approach was selected (Itahashi et al., 2020). The precipitation-adjusted approach linearly scales 250 

the precipitation to obtain the precipitation-adjusted wet deposition via the following equation: 251 
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𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑	𝑊𝐷	 = 	 ' 𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙	𝑊𝐷JKLMN
JKOPQNR

	×	
∑ 𝑃KUVMWXYP0KOJKOPQNR

∑ 𝑃JKLMNJKOPQNR
													(5) 252 

where WDmodel is the original wet deposition by model, and Pmodel and Pobservation are the modeled and observed precipitation, 253 

respectively. Here, supposing that the errors in the modeled precipitation are linearly associated to the errors in the modeled 254 

wet deposition. This approach has been used in previous studies in the U.S.A. (Appel et al., 2011; Zhang et al., 2018) and 255 

East Asia (Itahashi, 2018; Saya et al., 2018). Following our previous work in MICS-Asia III for deposition (Itahashi et al., 256 

2020), wet depositions were adjusted on a monthly time scale and then the annual wet deposition was recalculated from 257 

precipitation-adjusted monthly wet deposition. Adjustment of shorter time scales is difficult because the modeled 258 

precipitation (Pmodel in Eq. (5)) approaches zero, which leads to unreasonably large values, and vice versa for larger time 259 

scales. The precipitation-adjusted approach using EANET observational data is hereafter called AO (adjusted by observation 260 

at EANET site).  261 

The precipitation-adjusted approach was shown to be effective for improving the modeling reproducibility in MICS-Asia III 262 

(Itahashi et al., 2020). However, this approach has a limitation in that the adjusted wet deposition was obtained only at 263 

locations corresponding to EANET observation sites, and hence the adjusted wet deposition was spatially limited. To 264 

overcome this limitation, in this study, we additionally used a satellite dataset; this precipitation-adjusted approach is 265 

hereafter called AS (adjusted by satellite measurement). For this purpose, the Tropical Rainfall Measuring Mission (TRMM) 266 

multi-satellite precipitation analysis (TMPA) dataset was applied (Huffman et al., 2007). The used product is the latest 267 

version 7 of the 3B43 dataset, which provides monthly precipitation with the most accurate precipitation estimate covering 268 

50° S to 50° N (TRMM, 2011). The gridded data of 0.25×0.25° were converted into the simulation domain used in MICS-269 

Asia Phase III. For the AO and AS approaches, wet deposition in each of the seven models was first adjusted on a monthly 270 

time scale, and then the ENS was calculated using Eq. (1).  271 

A comparison among the WRF simulation, EANET surface observations, and TRMM satellite measurements is given in Fig. 272 

9. The results of the statistical analysis are also shown in this figure. The comparison between the EANET surface 273 

observations and the WRF model simulations showed that the model generally reproduced the observed monthly 274 

precipitation adequately, with an R of 0.56, an NMB of +24.2%, and an NME of +64.7%. However, as shown in Figs. 2–8, 275 

the model tended to overestimate low precipitation levels (see Fig. 9 for the dry season). As has been discussed for Figs. 2–8, 276 

this overestimation may be the reason for the mismatch between the simulated and observed the wet deposition of S, N, and 277 

A. Resolving this problem is important for improving simulations of wet deposition. Meanwhile, in the comparison between 278 

the EANET surface observations and the satellite measurements, the statistical scores were superior to those obtained 279 

between the modeled and observed data, with an R of 0.77, an NMB of +5.9%, and an NME of +39.5%. The correspondence 280 

between EANET surface observations and satellite measurements was better (relative to the correspondence between the 281 

modeled and observed data) for monthly precipitation of less than 50 mm. From this result, it is expected that the adjustment 282 

based on satellite measurements has the potential to improve the original simulation of wet deposition. The spatial 283 
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distributions of precipitation from the WRF simulation and TRMM satellite measurements are respectively presented in 284 

Supplemental Figs. 1 and 2, and the adjustment factors for each month are given in Supplemental Fig. 3. 285 

 286 

4.2 Improvements of wet deposition modeling through a precipitation-adjusted approach for each country in 287 
Southeast Asia 288 

4.2.1 Myanmar 289 

At the Yangon (No. 30) site in Myanmar, the wet deposition of S, N, and A was underestimated, with an NMB exceeding –290 

70%, as listed in Table 2. Table 2 also provides the results of the statistical analysis for the AO and AS approaches, 291 

demonstrating that the underestimation in the ENS was improved by both approaches; most of the statistical scores were 292 

improved compared with the ENS, though there was still underestimation compared with the observed wet deposition of S, 293 

N, and A. Fig. 10 shows the annual accumulated wet deposition of S, N, and A from the observational data, ENS, AO, and 294 

AS. As shown in the figure, the wet deposition was higher with the AO and AS approaches compared with ENS; that is, the 295 

underestimation was partly improved. Fig. 10 also shows the fractions of wet deposition occurring during the dry and wet 296 

seasons as bar graphs for the observational data, ENS, AO, and AS. It can be clearly seen that, for the wet deposition of S, N, 297 

and A, the fraction during the dry season was overestimated with ENS but was well matched with the AO and AS 298 

approaches.  299 

 300 

4.2.2 Thailand 301 

The wet depositions of S, N, and A was generally underestimated at the six sites in Thailand, as shown in Table 3. The 302 

statistical scores for AO and AS are also provided in this table. For the R value and the NME, AO and AS obtained superior 303 

values for Thailand compared with the ENS, showing a stronger correlation with the observational data. For AO and AS, the 304 

R values ranged from 0.61 to 0.85 for the wet depositions of S, N, and A, and the NMB was improved by 20–30% compared 305 

with the ENS. Fig. 11 shows the annual accumulated wet deposition of S, N, and A from observational data, ENS, AO, and 306 

AS, and the fractions of deposition occurring in the dry and wet seasons. From this figure, it can be seen that, compared with 307 

the ENS, the AO and AS approaches obtained superior values of the fractions of wet deposition during the dry and wet 308 

seasons at all six sites in Thailand. For Bangkok (No. 31), Samutprakarn (No. 32), and Pathumthani (No. 33), the 309 

underestimation in ENS was improved and the annual accumulated wet deposition of S, N, and A was close to the observed 310 

value for both AO and AS. Meanwhile, at Khanchanaburi (No. 34) and Chiang Mai (No. 36), the overestimation in ENS was 311 

improved and the annual accumulated wet deposition of S, N, and A was close to the observed value for both AO and AS. 312 

These results clarify that the precipitation-adjusted approach was effective to solve both overestimation and underestimation 313 

problems in the original simulated wet deposition. However, it should be noted that, for Nakhon Ratchasima (No. 35), 314 
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although the fractions of wet deposition occurring during the dry and wet seasons were improved with the AO and AS 315 

approaches, underestimation was worsened.  316 

 317 

4.2.3 Cambodia 318 

At Phnom Penh (No. 38) in Cambodia, there were some difficulties capturing the wet deposition of S, N, and A using the 319 

ENS. As shown in Table 4, there was a low correlation between the observed values and the ENS for the wet deposition of S, 320 

and an even lower correlation for the wet deposition of N and A. The NMB was around –70% and the NME was 70–80% for 321 

the wet deposition of S, N, and A using the ENS. These deficiencies in the ENS were adequately improved using AO and 322 

AS. For AO and AS, all statistical scores showed an improvement compared with the ENS. Fig. 12 shows the annual 323 

accumulated wet deposition of S, N, and A from observational data, ENS, AO, and AS, and the fraction of deposition 324 

occurring in the dry and wet seasons at Phnom Penh. It was also found that the ENS mismatched the fraction of wet 325 

deposition compared with the observed value, whereas AO and AS obtained more accurate fractions, as well as more 326 

accurate values of the annual accumulated wet deposition.  327 

 328 

4.2.4 Vietnam 329 

For the four EANET sites in Vietnam, the statistical scores for the ENS were superior to those for other countries in 330 

continental Southeast Asia. In most cases, for AO and AS, the scores were improved compared with the ENS for the wet 331 

deposition of S, N, and A, as shown in Table 5. Fig. 13 shows the annual accumulated wet deposition of S, N, and A from 332 

observational data, ENS, AO, and AS, and the fraction of wet deposition occurring in the dry and wet seasons in Vietnam. 333 

Compared with other countries in continental Southeast Asia, the fraction of wet deposition occurring during the dry and wet 334 

seasons was better predicted by the ENS, and AO and AS performed similarly. However, for AS, the fraction during the wet 335 

season was overestimated at Hoa Binh (No. 41) and underestimated at Cuc Phuong (No. 42). Additionally, the overestimated 336 

wet deposition amount of S, N, and A at Da Nang (No. 39) led to a discrepancy with the observed results.  337 

 338 

4.2.5 Philippines 339 

For the three EANET sites in the Philippines, it was found that the model overestimated the precipitation during the dry 340 

season. Fig. 14 presents the annual accumulated wet deposition of S, N, and A for the observational data, ENS, AO, and AS, 341 

and the fraction of the wet deposition occurring in the dry and wet seasons in Philippines. As shown in the figure, the ENS 342 

overestimated the fraction during the wet season at all sites for the wet depositions of S, N, and A. However, with AO and 343 

AS, this overestimation was improved and the simulated values were close to the observed ones. The statistical scores are 344 

listed in Table 6. As shown in the table, R was not changed or slightly increased and NME was improved, but NMB was not 345 
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improved. As shown in Fig. 14, this result was related to the change in model performance at Metro Manila (No. 43); the 346 

annual accumulated wet deposition amounts of S, N, and A were markedly decreased and very different from the observed 347 

data. 348 
 349 

4.2.6 Malaysia 350 

At the four EANET sites in Malaysia, no distinction was found between the dry and wet seasons. Fig. 15 shows the annual 351 

accumulated wet deposition of S, N, and A from observation, ENS, AO, and AS, while Table 7 lists the statistical scores. AO 352 

and AS generally obtained improved results compared with the ENS. In particular, the strikingly large overestimation of the 353 

wet deposition of A in the ENS (NMB and NME greater than 200%) was improved with AO and AS.  354 

At Petaling Jaya (No. 46) and Tanah Rata (No. 47), the observed annual accumulated wet deposition of A was around 2000 g 355 

N ha-1, whereas the ENS value was nearly 8000 g N ha-1. This large overestimation was reduced by AO and AS, which 356 

obtained values close to the observed value.  357 
 358 

4.2.7 Indonesia 359 

In Indonesia, during the short dry season, wet deposition showed a steep decline; however, models did not show such a 360 

dramatic decrease. As shown in Table 8, the statistical scores for AO and AS were mostly superior to those of the ENS; the 361 

moderate correlation found for the wet depositions of S, N, and A in the ENS were improved by AO and AS. For the wet 362 

deposition of S, the NMB of +65.6% and NME of +100.2% in the ENS were improved by AO and AS. Fig. 16 shows the 363 

annual accumulated wet deposition of S, N, and A from observational data, ENS, AO, and AS, and the fraction of wet 364 

deposition occurring in the dry and wet seasons in Indonesia. The overestimation of the fraction during the wet season 365 

obtained by the ENS was improved by AO, but there was no change with AS. Although the annual accumulated wet 366 

depositions of S, N, and A for the ENS were generally close to the observed values, AS showed further overestimation at 367 

Serpong (No. 53) and there was almost no change at Jakarta (No. 51).  368 

 369 

4.3 Revision of the distribution of wet deposition over Southeast Asia 370 

Based on the analysis and statistical results of the precipitation-adjusted approaches using surface observations and satellite 371 

measurements, it was found that these approaches improved the simulation of the wet deposition amount, as well as the 372 

fraction of wet deposition occurring during the dry and wet seasons. Although there were still difficulties in some cases, the 373 

precipitation adjustment was shown to be an effective way to improve the simulated wet deposition. One of the advantages 374 

of the adjustment using satellite measurements is that it provides the spatial distribution of adjustment factors; hence, it is 375 

possible to revise the wet deposition mapping over the modeling domain. In Fig. 17, the annual accumulated wet depositions 376 
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of S, N, and A are mapped. Both the ENS and AS simulated hot spots with high depositions of S, N, and A in regions such 377 

as northern Vietnam, the southern Malay Peninsula, and Sumatra Island and Java Island in Indonesia. However, there were 378 

clear differences between AS and ENS. These differences were similar for the wet depositions of S, N, and A. As shown in 379 

Fig. 17, for ENS, overestimation occurred in the central part of continental Southeast Asia, such as Eastern Myanmar, 380 

Thailand, the western edge of Sumatra Island, the south of Java Island, and Sulawesi Island in Indonesia, the Philippines; 381 

meanwhile, ENS produced underestimation over northern Vietnam, the east of Sumatra Island, and the northern edge of Java 382 

Island and Kalimantan Island in Indonesia. 383 

Finally, Fig. 18 shows the original and revised wet deposition amounts in the eight countries participating in EANET. This 384 

figure summarizes the annual accumulated wet depositions of S, N, and A by the country-scale summed amount. As can be 385 

seen from the differences between ENS and AS shown in Figs. 17, the revisions by AS were similar for the wet depositions 386 

of S, N, and A. For AS, over Vietnam, Malaysia, and Indonesia, the country-level wet depositions were revised upward, 387 

whereas they were revised downward in the other five countries. The magnitudes of these revisions were up to ±40%. This 388 

result indicates the importance of the precipitation amount for the reproducibility of wet depositions, and that the revision of 389 

wet deposition by a precipitation-adjusted approach was critically needed for the accurate estimation of wet deposition. The 390 

results of this study suggest that an approach which applies the precipitation obtained from satellite measurements could be 391 

used as one of the methodologies in the Measurement–Model Fusion for Global Total Atmospheric Deposition (MMF-392 

GTAD) project under the Global Atmosphere Watch (GAW) program of the World Meteorological Organization (WMO) 393 

(WMO GAW, 2017, 2019). In this study, we were able to revise the wet deposition mapping over Southeast Asia to achieve 394 

better modeling reproducibility compared with EANET. 395 

 396 

5 Conclusion 397 

MICS-Asia Phase III has been conducted to understand the current modeling capabilities for the wet deposition and 398 

comprehend air pollution in Asia. This study presented a detailed analysis over Southeast Asia. The ensemble means of the 399 

modeled wet depositions of S, N, and A from seven models were evaluated by comparison with the wet deposition observed 400 

by EANET. Generally, the ensemble model can capture the observed wet deposition; however, the models failed to capture 401 

the wet deposition, even using the ensemble mean, obtaining low correlations and/or large biases and errors. Based on a 402 

detailed analysis of the observed precipitation at each EANET observation site, it was found that this failure to capture the 403 

wet deposition was related to the poor representation of the precipitation amount. In some cases, the model did not 404 

adequately simulate the precipitation pattern during the dry and wet seasons.  405 

To overcome this modeling difficulty for precipitation, in this study, two precipitation-adjusted approaches were applied 406 

using EANET surface observations and TRMM satellite measurements, respectively. Both approaches have been shown to 407 

be effective for improving the modeling of the wet depositions of S, N, and A. To use satellite measurements of 408 
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precipitation, the spatial mappings of wet depositions were further revised. It was found that the original modeled wet 409 

deposition was overestimated over the central part of continental Southeast Asia, the western edge of Sumatra Island, the 410 

south of Java Island and Sulawesi Island in Indonesia, and the Philippines, and was underestimated over northern Vietnam, 411 

the east of Sumatra Island and the northern edge of Java Island and Kalimantan Island in Indonesia. For the country-scale 412 

accumulation of wet depositions, the wet deposition amounts were revised by up to ±40% by the precipitation-adjusted 413 

approaches. Similar differences were found for wet depositions of S, N, and A; upward corrections were required for 414 

Vietnam, Malaysia, and Indonesia, whereas downward corrections were required for Myanmar, Thailand, Lao PDR, 415 

Cambodia, and the Philippines. The use of meteorological models could cause large errors related to precipitation patterns, 416 

as found in this study, and the use of meteorological model ensembles could be a possible way to obtain more accurate air 417 

quality model simulations (e.g., Kajino et al., 2019b). The precipitation-adjustment approach was effective at most sites; 418 

however, no improvement was found at other sites. The understanding of the mechanisms of the wet deposition process itself 419 

should be further investigated and inter-compared in the future Phase IV. 420 
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 585 
Figure 1: Map of Southeast Asia. Circles with different colors indicate observation sites classified as remote (white), rural (light 586 
gray), and urban (dark gray) by the Acid Deposition Monitoring Network in East Asia (EANET). Map colors indicate the eight 587 
countries participating in EANET in 2010. PDR, People's Democratic Republic. 588 
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 590 
Figure 2: Monthly accumulated precipitation and wet depositions of S, N, and A at Yangon, Myanmar. Whiskers represent the 591 
standard deviation among the seven models, and the wet season (light blue color) is defined as months when precipitation exceeded 592 
50 mm.  593 
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 595 

Figure 3: Monthly accumulated precipitation and wet depositions of S, N, and A over Thailand. Whiskers represent the standard 596 
deviation among the seven models, and the wet season (light blue color) is defined as months when precipitation exceeded 50 mm. 597 
Months shown in red indicate a lack of observational data. 598 
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 600 

Figure 4: Monthly accumulated precipitation and wet depositions of S, N, and A at Phnom Penh, Cambodia. Whiskers represent 601 
the standard deviation among the seven models, and the wet season (light blue color) is defined as months when precipitation 602 
exceeded 50 mm. 603 
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 605 
Figure 5: Monthly accumulated precipitation and wet depositions of S, N, and A over Vietnam. Whiskers represent the standard 606 
deviation among the seven models, and the wet season (light blue color) is defined as months when precipitation exceeded 50 mm. 607 
Months shown in red indicate a lack of observational data. 608 
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 610 

Figure 6: Monthly accumulated precipitation and wet depositions of S, N, and A over the Philippines. Whiskers represent the 611 
standard deviation among the seven models, and the wet season (light blue color) is defined as months when precipitation exceeded 612 
50 mm. Months shown in red indicate a lack of observational data. 613 
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 615 

Figure 7: Monthly accumulated precipitation and wet depositions of S, N, and A over Malaysia. Whiskers represent the standard 616 
deviation among the seven models. Months shown in red indicate a lack of observational data. 617 
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 619 

Figure 8: Monthly accumulated precipitation and wet depositions of S, N, and A over Indonesia. Whiskers represent the standard 620 
deviation among the seven models, and the wet season (light blue color) is defined as months when precipitation exceeded 50 mm. 621 
Months shown in red indicate a lack of observational data. 622 
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 624 
Figure 9: Scatter plots of the monthly precipitation amount over Southeast Asia comparing EANET surface observations with 625 
(left) model simulations and (right) satellite measurements. Symbols indicate different countries and colors indicate different 626 
months. In the inset, the statistical metrics of mean, correlation coefficient (R), normalized mean bias (NMB), and normalized 627 
mean error (NME) are shown. The vertical dotted line represents observed precipitation of 50 mm month-1, which defines the 628 
boundary between the dry and wet seasons in this study. 629 
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 631 
Figure 10: Observed and simulated annual accumulated wet deposition amounts of S, N, and A, and the fraction of wet deposition 632 
during the wet and dry seasons at Yangon, Myanmar. ENS, AO, and AS stand for the results of ensemble mean, precipitation 633 
adjustment by EANET observations, and precipitation adjustment by satellite observations, respectively.  634 
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 636 
Figure 11: Observed and simulated annual accumulated wet deposition amounts of S, N, and A, and the fraction of wet deposition 637 
during the wet and dry seasons at six sites in Thailand. The annual accumulated wet deposition amount is based on the months in 638 
which wet deposition observations were available (see Fig. 3). 639 
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 641 
Figure 12: Observed and simulated annual accumulated wet deposition amounts of S, N, and A, and the fraction of wet deposition 642 
during the wet and dry seasons at Phnom Penh, Cambodia. 643 
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 645 
Figure 13: Observed and simulated annual accumulated wet deposition amounts of S, N, and A, and the fraction of wet deposition 646 
during the wet and dry seasons at four sites over Vietnam. The annual accumulated wet deposition amount is based on the months 647 
for which wet deposition observations were available (see Fig. 5). 648 
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 650 
Figure 14: Observed and simulated annual accumulated wet deposition amounts of S, N, and A, and the fraction of wet deposition 651 
during the wet and dry seasons at three sites in the Philippines. The annual accumulated wet deposition amount is based on the 652 
months for which wet deposition observations were available (see Fig. 6). 653 
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 655 
Figure 15: Observed and simulated annual accumulated wet deposition amounts of S, N, and A at four sites in Malaysia. The 656 
annual accumulated wet deposition amount is based on the months for which wet deposition observations were available (see Fig. 657 
7). 658 
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 660 
Figure 16: Observed and simulated annual accumulated wet deposition amounts of S, N, and A, and the fraction of wet deposition 661 
during the wet and dry seasons at five sites in Indonesia. The annual accumulated wet deposition amount is based on the months 662 
for which wet deposition observations were available (see Fig. 8). 663 
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 665 
Figure 17: Maps of the annual accumulated wet deposition of (top) S, (center) N, and (bottom) A calculated by (left) ENS, (middle) 666 
AS, and (right) the difference between AS and ENS. Note that the color scale is different for the wet deposition of N. Some 667 
locations around the Suva Sea (south of Flores Island, Sumba Island, and Timor Island) and the east of New Guinea Island shown 668 
in white are outside of the modeling domain.  669 
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 671 

Figure 18: Simulated annual accumulated wet deposition amounts of (top) S, (center) N, and (bottom) A over Southeast Asian 672 
countries calculated by ENS (light bars without outlines) and AS (dark bars outlined in black). Blue numbers with down-facing 673 
arrows indicate downward revision by AS and red numbers with upward-facing arrows indicate upward revision by AS.  674 
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Table 1: Information of 25 Acid Deposition Monitoring Network in East Asia (EANET) observation sites located in Southeast 676 
Asia. 677 

Site no. Country Name Latitude (°) Longitude (°E) Altitude (m a.s.l.) Classification 
30 Myanmar Yangon 16.50 96.12 22 Urban 
31 Thailand Bangkok 13.77 100.53 2 Urban 
32  Samutprakarn 13.73 100.57 2 Urban 
33  Pathumthani 14.03 100.77 2 Rural 
34  Khanchanaburi 14.77 98.58 170 Remote 
35  Nakhon Ratchasima 14.45 101.88 418 Rural 
36  Chiang Mai 18.77 98.93 350 Rural 
37 Lao PDR Vientiane 17.00 102.00 177 Urban 
38 Cambodia Phnom Penh 11.55 104.83 10 Urban 
39 Vietnam Da Nang 16.04 108.21 60 Urban 
40  Hanoi 21.02 105.85 5 Urban 
41  Hoa Binh 20.82 105.33 23 Rural 
42  Cuc Phuong 20.25 105.72 155 Remote 
43 Philippines Metro Manila 14,63 121.07 54 Urban 
44  Los Baños 14.18 121.25 35 Rural 
45  Mt. Sto. Tomas 16.42 120.60 1500 Rural 
46 Malaysia Petaling Jaya 3.10 101.65 87 Urban 
47  Tanah Rata 4.47 101.38 1470 Remote 
48  Kuching 1.48 110.47 22 Urban 
49  Danum Valley 4.98 117.85 427 Remote 
50 Indonesia Kototabang −0.20 100.32 864 Remote 
51  Jakarta −6.18 106.83 7 Urban 
52  Bandung −6.90 107.58 743 Urban 
53  Serpong −6.25 106.57 46 Rural 
54  Maros −4.92 119.57 11 Rural 

Note: Site nos. are unified with the overview paper of Itahashi et al. (2020). PDR, People's Democratic Republic. 678 
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Table 2: Statistical analysis of the model performance for Yangon, Myanmar. 680 

Note: Units are g S ha-1 month-1 for the wet deposition of S, and g N ha-1 month-1 for the wet depositions of N and A. Improvements in 681 
the statistical score with AO and AS compared to ENS are highlighted in gray. ENS, ensemble mean; AO, adjusted by observation at 682 
EANET sites; AS, adjusted by satellite measurements. 683 

684 

 Wet deposition of S Wet deposition of N Wet deposition of A 
 ENS AO AS ENS AO AS ENS AO AS 
N 12 12 12 
mean (observation) 275.0 132.0 388.1 
mean (model) 62.2 96.2 102.8 31.2 44.3 48.2 111.1 168.7 182.2 
R 0.81 0.77 0.65 0.74 0.79 0.69 0.87 0.95 0.83 
NMB [%] −77.4 −65.0 −62.6 −76.4 −66.4 −63.5 −71.4 −56.4 −53.1 
NME [%] +84.2 +72.7 +72.0 +86.4 +72.2 +70.8 +82.1 +57.6 +53.2 
FAC2 [%] 8.3 33.3 8.3 8.3 41.7 33.3 0.0 50.0 41.7 
FAC3 [%] 16.7 50.0 50.0 16.7 58.3 41.7 8.3 75.0 66.7 
FAC5 [%] 33.3 91.7 58.3 25.0 91.7 58.3 33.3 91.7 66.7 
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Table 3: Statistical analysis of the model performance for six sites in Thailand. 685 

 Wet deposition of S Wet deposition of N Wet deposition of A 
 ENS AO AS ENS AO AS ENS AO AS 
N 67 63 63 
mean (observation) 384.8 309.4 505.8 
mean (model) 262.4 216.3 202.9 155.8 160.0 140.7 385.4 342.5 304.5 
R −0.01 0.71 0.61 0.47 0.77 0.77 0.21 0.85 0.78 
NMB [%] −31.8 −43.8 −47.3 −49.6 −48.3 −54.5 −23.8 −32.3 −40.0 
NME [%] +86.9 +53.6 +64.3 +71.3 +53.6 +59.7 +70.8 +40.1 +48.3 
FAC2 [%] 31.3 52.2 35.8 39.7 44.4 41.3 46.0 63.5 49.2 
FAC3 [%] 59.7 77.6 62.7 63.5 66.7 55.6 65.1 82.5 65.1 
FAC5 [%] 77.6 92.5 79.1 81.0 84.1 71.4 85.7 95.2 76.2 

Note: Units are g S ha-1 month-1 for the wet deposition of S, and g N ha-1 month-1 for the wet depositions of N and A. Improvements in the 686 
statistical score with AO and AS compared with ENS are highlighted in gray. 687 
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Table 4: Statistical analysis of the model performance for Phnom Penh, Cambodia. 689 

 Wet deposition of S Wet deposition of N Wet deposition of A 
 ENS AO AS ENS AO AS ENS AO AS 
N 12 12 12 
mean (observation) 363.7 180.7 488.6 
mean (model) 101.1 187.5 158.8 39.4 79.4 71.4 181.7 369.3 313.0 
R 0.05 0.56 0.31 0.28 0.51 0.30 0.34 0.84 0.61 
NMB [%] −72.2 −48.4 −56.3 −78.2 −56.0 −60.5 −62.8 −24.4 −35.9 
NME [%] +78.8 +57.0 +66.2 +80.9 +60.1 +66.8 +69.9 +31.0 +50.8 
FAC2 [%] 25.0 58.3 33.3 8.3 33.3 33.3 25.0 91.7 58.3 
FAC3 [%] 25.0 66.7 66.7 25.0 66.7 41.7 50.0 91.7 91.7 
FAC5 [%] 58.3 91.7 83.3 41.7 83.3 75.0 75.0 100.0 91.7 

Note: Units are g S ha-1 month-1 for the wet deposition of S, and g N ha-1 month-1 for the wet depositions of N and A. Improvements in the 690 
statistical score with AO and AS compared with ENS are highlighted in gray. 691 
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Table 5: Statistical analysis of the model performance for four sites in Vietnam. 693 

 Wet deposition of S Wet deposition of N Wet deposition of A 
 ENS AO AS ENS AO AS ENS AO AS 
N 43 41 55 
mean (observation) 1060.5 321.5 486.0 
mean (model) 673.5 700.3 756.1 215.4 249.0 274.9 559.1 579.6 590.9 
R 0.63 0.67 0.67 0.47 0.59 0.48 0.46 0.57 0.60 
NMB [%] −36.5 −34.0 −19.3 −33.0 −23.9 −14.5 +15.0 +19.2 +22.2 
NME [%] +48.2 +46.6 +42.6 +55.8 +47.6 +54.7 +57.1 +52.6 +56.2 
FAC2 [%] 53.5 51.2 60.5 48.8 56.1 65.9 41.8 41.8 41.8 
FAC3 [%] 72.1 76.7 81.4 80.5 78.0 75.6 52.7 61.8 60.5 
FAC5 [%] 93.0 95.3 83.7 87.8 85.4 82.9 56.4 65.5 56.4 

Note: Units are g S ha-1 month-1 for the wet deposition of S, and g N ha-1 month-1 for the wet depositions of N and A. Improvements in the 694 
statistical score with AO and AS compared with ENS are highlighted in gray. 695 
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Table 6: Statistical analysis of the model performance for three sites in the Philippines. 697 

 Wet deposition of S Wet deposition of N Wet deposition of A 
 ENS AO AS ENS AO AS ENS AO AS 
N 28 20 22 
mean (observation) 594.0 275.8 400.4 
mean (model) 661.5 216.3 202.9 214.6 137.9 87.4 538.2 336.7 217.7 
R 0.79 0.78 0.74 0.25 0.23 0.39 0.35 0.26 0.45 
NMB [%] +11.4 −28.6 −46.7 −22.2 −50.0 −68.3 +34.4 −15.9 −45.6 
NME [%] +58.0 +45.1 +55.3 +75.1 +74.8 +70.2 +123.6 +102.9 +74.4 
FAC2 [%] 53.6 71.4 60.7 55.0 45.0 40.0 22.7 13.6 40.9 
FAC3 [%] 60.7 89.3 75.0 60.0 50.0 60.0 50.0 27.3 54.5 
FAC5 [%] 78.6 96.4 82.1 65.0 55.0 70.0 59.1 59.1 72.7 

Note: Units are g S ha-1 month-1 for the wet deposition of S, and g N ha-1 month-1 for the wet depositions of N and A. Improvements in the 698 
statistical score with AO and AS compared with ENS are highlighted in gray. 699 
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Table 7: Statistical analysis of model performance for four sites in Malaysia. 701 

 Wet deposition of S Wet deposition of N Wet deposition of A 
 ENS AO AS ENS AO AS ENS AO AS 
N 37 36 36 
mean (observation) 709.2 755.8 131.5 
mean (model) 532.6 444.9 410.3 189.3 149.7 134.2 488.1 404.0 363.3 
R 0.43 0.60 0.38 0.59 0.69 0.48 0.08 0.27 0.29 
NMB [%] −24.9 −36.8 −42.1 −74.9 −80.2 −82.2 +271.2 +207.2 +176.3 
NME [%] +69.7 +53.6 +54.1 +83.7 +83.4 +79.6 +284.5 +210.7 +180.6 
FAC2 [%] 32.4 62.2 45.9 22.2 25.0 30.6 19.4 13.9 27.8 
FAC3 [%] 73.0 83.8 70.3 33.3 36.1 33.3 33.3 41.7 41.7 
FAC5 [%] 94.6 100.0 91.9 50.0 61.1 61.1 63.9 72.2 80.6 

Note: Units are g S ha-1 month-1 for the wet deposition of S, and g N ha-1 month-1 for the wet depositions of N and A. Improvements in the 702 
statistical score with AO and AS compared with ENS are highlighted in gray. 703 
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Table 8: Statistical analysis of model performance for five sites in Indonesia. 705 

 Wet deposition of S Wet deposition of N Wet deposition of A 
 ENS AO AS ENS AO AS ENS AO AS 
N 59 57 58 
mean (observation) 1052.5 363.2 580.5 
mean (model) 1743.1 1052.4 1644.9 343.3 228.9 390.4 823.8 466.9 856.3 
R 0.68 0.89 0.71 0.56 0.70 0.57 0.47 0.45 0.50 
NMB [%] +65.6 0.0 +56.3 −5.5 −37.0 +7.5 +41.9 −2.3 +27.5 
NME [%] +100.2 +37.7 +86.1 +56.3 +49.2 +63.3 +79.3 +61.6 +43.9 
FAC2 [%] 52.5 76.3 42.4 59.6 49.1 54.4 43.1 41.4 44.8 
FAC3 [%] 71.2 83.1 69.5 73.7 71.9 73.7 50.0 53.4 58.6 
FAC5 [%] 79.7 91.5 83.1 80.7 87.7 89.5 58.6 60.3 70.7 

Note: Units are g S ha-1 month-1 for the wet deposition of S, and g N ha-1 month-1 for the wet depositions of N and A. Improvements in 706 
the statistical score with AO and AS compared with ENS are highlighted in gray. 707 
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